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Objectives: During the COVID-19 pandemic in Qatar, many patients who were severely ill were colonized
and infected by Candida auris, an invasive multidrug-resistant yeast pathogen that spreads through
nosocomial transmission within healthcare facilities. Here, we investigated the molecular epidemiology
of these C. auris isolates and the mechanisms associated with antifungal drug resistance.
Methods: Whole genomes of 76 clinical C. auris isolates, including 65 from patients with COVID-19
collected from March 2020 to June 2021, from nine major hospitals were sequenced on Illumina Next-
Seq. Single nucleotide polymorphisms were used to determine their epidemiological patterns and
mechanisms for antifungal resistance. The data were compared with those published prior to the COVID-
19 pandemic from 2018 to 2020 in Qatar.
Results: Genomic analysis revealed low genetic variability among the isolates from patients with and
without COVID-19, confirming a clonal outbreak and ongoing dissemination of C. auris among various
healthcare facilities. Based on antifungal susceptibility profiles, more than 70% (22/28) of isolates were
resistant to both fluconazole and amphotericin B. Variant analysis revealed the presence of multi-
antifungal resistant isolates with prominent amino acid substitutions: Y132F in ERG11 and V704L in
CDR1 linked to reduced azole susceptibility and the emergence of echinocandin resistance samples
bearing mutations in FKS1 in comparison with pre-COVID-19 pandemic samples. One sample (CAS109)
was resistant to three classes of antifungal drugs with a unique premature stop codon in ERG3 and novel
mutations in CDR2, which may be associated with elevated amphotericin B and azole resistance.
Discussion: Candida auris isolates from patients with COVID-19 and from most patient samples without
COVID-19 in Qatar were highly clonal. The data demonstrated the emergence of multidrug-resistant
strains that carry novel mutations linked to enhanced resistance to azoles, echinocandins, and ampho-
tericin B. Understanding the epidemiology and drug resistance will inform the infection control strategy
and drug therapy. Fatma Ben Abid, Clin Microbiol Infect 2023;▪:1
© 2023 The Authors. Published by Elsevier Ltd on behalf of European Society of Clinical Microbiology and

Infectious Diseases. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
ision of Microbiology, Sidra

iseases Research Laboratoory,

z-Lopez), clement_km_tsui@

Ltd on behalf of European Society of Clinical Microbiology and Infectious Diseases. This is an open access article under
g/licenses/by-nc-nd/4.0/).

olecular characterization of Candida auris outbreak isolates in Qatar from patients with COVID-19
to three classes of antifungal drugs, Clinical Microbiology and Infection, https://doi.org/10.1016/

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:aperezlopez@sidra.org
mailto:clement_km_tsui@ncid.sg
mailto:clement_km_tsui@ncid.sg
www.sciencedirect.com/science/journal/1198743X
http://www.clinicalmicrobiologyandinfection.com
https://doi.org/10.1016/j.cmi.2023.04.025
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.cmi.2023.04.025


F. Ben Abid et al. / Clinical Microbiology and Infection xxx (xxxx) xxx2
Introduction

Candida species are the leading etiological agents of invasive
candidiasis, which is associated with significant morbidity and
mortality [1e3]. Candida auris is an emerging multidrug-resistant
yeast pathogen of serious global concern [3,4]. Since 2009,
C. auris has caused nosocomial bloodstream infections in numerous
countries in South Asia, North and South Americas, East Asia, the
Middle East, Africa, and Europe [4e7]. Considering its ability to
tolerate temperatures up to 42 �C and the capacity for persisting in
the hospital environment and causing person-to-person trans-
mission [4], this yeast causes outbreaks in many hospitals [5].

Of particular concern, a significant rise in C. auris infections was
observed during the COVID-19 pandemics [8e10]. SARS-CoV-2
infection alters immune and metabolic responses in patients,
which together produce an inflammatory environment that is
highly permissive to fungal infections [10]. Fungal co-infections,
such as invasive candidiasis, among patients with COVID-19 have
been reported, and these infections are likely to increase mortality
[10,11]. Many patients with COVID-19 infection needed intensive
care unit (ICU) admission. These patients are at higher risk of
developing invasive candidiasis due to prolonged ICU stays, pres-
ence of central venous catheter, use of systemic corticosteroid
therapy, and the use of broad spectrum antibiotics [9,11,12]. In
Qatar, around 5e10% of patients with COVID-19 require admission
to ICU [13,14].

Candida auris infections in Qatar were reported prior to 2020,
and the strains belonged to the South Asia lineage (clade 1) [15,16].
Nosocomial infection within the healthcare facilities and travelling
migrant workers could be the major route of transmission and
introduction [15,17]. As part of the ongoing surveillance and pre-
hospitalization screening, additional C. auris isolates were identi-
fied, mostly from patients with COVID-19. The aim of this studywas
to characterize C. auris isolates obtained during COVID-19
pandemic period in Qatar and to compare their molecular epide-
miology with those isolated prior to the COVID-19 pandemic using
the whole genome sequencing approach. Also, we characterized
the mutations in genes that are associated with reduced suscepti-
bility to antifungal drugs such as azoles, amphotericin B and
echinocandins.
Methods

During the COVID-19 pandemics, C. auris samples were isolated
and identified by matrix-assisted laser desorption/ionization-time
of flight mass spectrometry, and the antifungal susceptibility
testing (AST) was performed. DNAwas extracted, and DNA libraries
were sequenced on Illumina NextSeq 550 platform. Bioinformatics
analyses were performed too (Supplementary Data).

The study was approved by the hospital ethics committee (IRB
#2019-0009). This was a retrospective, non-interventional study
and only required a collection of previously generated data;
informed consent was not required.
Results

We sequenced 76 Candida auris genomes (CAS53eCAS131), of
which 65were from patients with COVID-19 and the rest were from
sporadic infections. The samples included 42 screening specimens,
14 blood, 13 urinary, four respiratory, and three wound specimens
(Table S1). All patients with blood and wound infections had pre-
viously received echinocandins, fluconazole, or amphotericin B
(AMB) treatment prior to C. auris detection (Table S1). Less than 50%
of patients colonized with C. auris in the respiratory system (2/5,
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40%), urinary tract (6/13, 46%), and other body sites (18/42, 43%)
had received antifungal treatments (Table S1).

Antifungal susceptibilities were evaluated for 28 isolates; 24
were evaluated by Sensititre YeastOne, while four were evaluated
by Vitek2. Fluconazole MICs were above the CDC breakpoint of�32
mg/L for all isolates, except two having MICs of 16 mg/L. Eleven
(39%) and seven (25%) isolates had higher MICs to �2 and �3
azoles, respectively (Table 1). Twenty-two isolates (79%), including
one measured using Vitek2, were resistant to amphotericin B (MIC
�2 mg/L), while three isolates (CAS109, CAS112, CAS129) were
resistant to three echinocandin; for instance, CAS109 was resistant
to caspofungin, anidulafungin, and micafungin (MIC ¼ 8 mg/L)
(Table 2). More than 70% (20/28) of the isolates were resistant to
both fluconazole and amphotericin B, while CAS109 was resistant
to all three classes of antifungal drugs.

In this study, 5057854 to 11973588 high-quality reads were
generated for each sample (Table S1). A single nucleotide poly-
morphism (SNP) tree revealed a low level of genetic heterogeneity
among the isolates collected from nine healthcare institutions in
this investigation (Fig. S1). Among the 76 isolates, 57 isolates were
collected from patients from ICU, 49 from medical wards, and 15
from long-term care units (Table S1). Of the patients reviewed, 19
had records of transfer within and among healthcare facilities
(Table S1). To reveal the relationship between the isolates collected
prior to and during the pandemics, we generated a tree containing
122 samples in Qatar (Fig. 1), including those published by Salah
et al. [15] in 2021.Within themajor circulating clones containing 115
isolates from outbreaks, sporadic and environmental samples, the
genetic difference was very small (range, 0e21 base pairs). The high
degree of sequence similarity among isolates within and among
major tertiary health care institutions supported the widespread
C. auris transmission and dissemination in Qatar. Also, all 76 isolates
in this study clustered together in the major group and cannot be
differentiated from the predominant “circulating clone” defined
since 2021 (Fig. 1). However, the phylogenetic tree indicated the
presence of a few subgroups within the circulating clone; for
instance, CAS109 was clustered with CAS46, CAS86, and CAS73.

Based on variant annotation of current and previous Qatari
C. auris, 120 isolates had known azole-linked resistance amino acid
substitutions Y132F and E709D in ERG11 (B9J08_001448) and CDR1
(B9J08_000164), respectively (Table 2). FKS1 (B9J08_000964) hot-
spot substitutions associated with echinocandin resistance were
detected in CAS129 and CAS112 (S639F) and CAS109 (S639Y). A
unique mutation resulting in a stop codon (E68*) in ERG3
(B9J08_003737) was detected in CAS109, and a novel missense
substitution (L1124P) in CDR2 (B9J08_002451) was reported in
CAS46, CAS73, CAS86, and CAS109 (Table 2). In fact, compared with
clade 1 reference genome B8441 (GCA_002759435.2), all Qatari
isolates possessed amino acid substitution M192I in ERG4
(B9J08_002852), K74E in CIS2 (B9J08_003232), K52N and E1464K in
SNQ2 (B9J08_001125), as well as a silent substitution (A870C) in
ERG5 (B9J08_004161) (Table 2). In addition, all isolates had sub-
stitution K719N in the STE6 (B9J08_002389) gene, an a-pheromone
ABC family transporter that showed antimycotic responses [17]. In
addition, we observed undocumented SNPs/insertions and de-
letions (indels) in TAC1b (B9J08_004820) from the non-COVID-19
outbreak C. auris isolates reported in the early investigation [15]
(Supplementary Data).

Discussion

COVID-19 pandemics have resulted in an unprecedented public
health crisis [9,10]. Among the patients with COVID-19 who need
medical care in the ICU in Qatar, the risk of developing bloodstream
Candida infection was higher in older patients and in those who
Candida auris outbreak isolates in Qatar from patients with COVID-19
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Table 1
In vitro susceptibility to antifungal agents in Candida auris isolates (CAS1 and CAS52 were characterized in 2021). Elevated minimum inhibitory concentration (MIC) values are
bold.

ID Date of isolation Hospital Specimen AMB FLC ITC POS VOR 5Fc CASP ANI MICA Method COVID-19 Antifungals

Current study
CAS55 20/06/2020 Hamad General Hospital Blood 2 128 16 8 8 0.12 8 0.25 0.12 YO Yes ANI, AMB
CAS57 07/08/2020 Hamad General Hospital Blood 2 64 0.06 0.03 0.25 0.12 0.25 0.06 0.12 YO Yes CASP
CAS58 12/08/2020 Rhumailah long term facility Urine 2 64 0.06 0.015 0.25 0.12 0.25 0.06 0.12 YO Yes ANI
CAS59 15/08/2020 Hazm Meberik Hospital Respiratory 2 64 0.12 0.015 0.25 0.12 0.25 0.25 0.12 YO Yes FLC
CAS69 21/08/2020 Hazm Meberik Hospital Blood 1 64 0.06 0.03 0.12 0.12 0.12 0.12 0.06 YO Yes ANI, CASP
CAS67 28/08/2020 Hazm Meberik Hospital Screening 2 64 0.12 0.015 0.25 0.12 0.25 0.12 0.12 YO Yes Nil
CAS73 10/09/2020 Hamad General Hospital Screening 8 32 NA NA �0.12 �1 �0.12 NA �0.06 Vitek No FLU
CAS77 24/09/2020 Hamad General Hospital Blood 2 128 0.25 0.12 8 0.25 0.25 0.12 0.12 YO Yes ANI
CAS86 08/11/2020 Hamad General Hospital Screening 8 16 NA NA �0.12 �1 �0.12 NA �0.06 Vitek No Nil
CAS87 06/12/2020 Hamad General Hospital wound 2 128 0.25 0.06 1 0.06 0.25 0.12 0.12 YO Yes FLU, ANI
CAS109 25/12/2020 Hamad General Hospital wound 2 128 16 8 8 0.25 8 8 8 YO No ANI
CAS105 08/03/2021 Hazm Meberik Hospital Blood 2 128 8 8 8 0.12 0.12 0.25 0.12 YO Yes ANI
CAS130 08/03/2021 Hamad General Hospital Urine 2 128 1 0.25 8 0.12 0.25 0.12 0.12 YO No Nil
CAS107 14/03/2021 Hamad General Hospital Urine 1 128 0.5 0.12 8 0.06 0.5 0.25 0.12 YO No ANI
CAS123 01/04/2021 Hamad General Hospital Blood 2 64 0.12 0.03 0.25 0.12 0.25 0.12 0.12 YO Yes FLU, ANI
CAS112 13/04/2021 Hamad General Hospital Urine 2 64 0.06 0.015 0.25 0.12 8 4 8 YO Yes ANI
CAS111 14/04/2021 Hamad General Hospital Urine 4 128 16 8 8 0.12 0.25 0.12 0.12 YO Yes Nil
CAS113 22/04/2021 Hamad General Hospital Urine 4 128 1 1 1 0.12 0.25 0.25 0.12 YO Yes Nil
CAS115 24/04/2021 Hamad General Hospital Respiratory 1 128 16 2 8 0.12 0.25 0.12 0.12 YO Yes Nil
CAS119 06/05/2021 Hazm Meberik Hospital Blood 2 128 1 0.12 8 0.12 0.12 0.12 0.12 YO Yes ANI
CAS129 07/05/2021 Hazm Meberik Hospital Urine 2 32 0.06 0.015 0.12 0.12 2 8 8 YO Yes FLU, ANI
CAS126 08/05/2021 Hazm Meberik Hospital Urine 1 128 0.12 0.03 0.5 0.12 0.03 0.12 0.06 YO Yes ANI
CAS116 11/05/2021 Hamad General Hospital Urine 4 128 16 8 8 0.12 8 0.25 0.25 YO No Nil
CAS124 18/05/2021 Hazm Meberik Hospital Blood 1 128 0.12 0.03 0.5 0.06 0.12 0.12 0.12 YO Yes ANI
CAS131 19/05/2021 Hamad General Hospital Blood 2 128 16 8 8 0.12 0.5 0.25 0.12 YO Yes ANI
CAS121 29/05/2021 Hazm Meberik Hospital Blood 0.5 32 NA NA �0.12 �1 �0.12 NA �0.06 Vitek Yes FLU, CASP
CAS120 31/05/2021 Hazm Meberik Hospital Blood �16 16 NA NA 0.25 �1 0.25 NA �0.06 Vitek Yes ANI
CAS127 05/06/2021 Hazm Meberik hospital Blood 4 32 0.25 0.06 0.5 0.12 0.25 0.12 0.12 YO Yes ANI
Previous study (re-measured)
CAS1 21/12/2018 Al-Wakra Hospital Respiratory 8 16 NA NA �0.12 �1 �0.12 NA �0.06 Vitek No NA
CAS52 25/08/2020 Hamad General Hospital Screening 8 16 NA NA �0.12 �1 �0.12 NA �0.06 Vitek No ANI, CASP

AMB¼ amphotericin B; FLC¼ fluconazole; ITC¼ itraconazole; POS¼ posaconazole; VOR¼ voriconazole; 5Fc¼ flucytosine; CASP¼ caspofungin; ANI¼ anidulafungin; MICA¼
micafungin; NA ¼ not available; YO ¼ Sensititre YeastOne.
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have a more severe critical illness [13]. In fact, most documented
cases of C. auris in 2020e2021 in Qatar were reported in patients
with COVID-19. Our data indicated a sustained, clonal outbreak of
C. auris during the pandemic, as all 76 isolates collected during the
pandemics period were highly similar (Fig. S1). During the pan-
demics, many patients with COVID-19 were severely ill and hos-
pitalized, as they required respiratory support. Candida auris
infections associated with patients with COVID-19 have been re-
ported in the USA, India, Pakistan, Oman, and other countries
[14,18]. Most patients in Qatar did not travel or did not seekmedical
care elsewhere during the lockdown and prolonged period of travel
restriction (Table S1), suggesting that the infections were acquired
from within the country and the healthcare facilities were the
reservoir of this pathogen [6]. The prolonged hospital stay could
favour the exposure and colonization of C. auris.

Our study confirmed the high degree of clonality among the
C. auris outbreak isolates [19,20], as the pairwise SNP differences
were small (1e21 base pairs) among 76 isolates from nine major
tertiary hospitals (Table S1). In addition, there was no clear differ-
entiation between isolates from patients with and without COVID-
19. Isolates recovered from blood, urine, respiratory specimens, and
sterile sites of patients in different wards of different healthcare
facilities clustered with isolates collected in 2019 and 2020 (Fig. 1).
In contrast, genetic variability has been reported in the preeCOVID-
19 pandemics C. auris isolates, in which migrant workers and
medical care overseas may play a key role in the introduction of
C. auris within our facilities [15].

Candida auris continues to spread globally, and most isolates
belong to the four major clades. In 2018, the first clade 5 isolate was
identified in a patient who had no travel history, and it was
Please cite this article as: Ben Abid F et al., Molecular characterization of C
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susceptible to all three classes of antifungals [7,21,22]. There was a
recent report of multiple clade 5 isolates collected in Iran [21].
However, all C. auris isolates identified in Qatar belong to the South
Asian clade 1, similar to those identified in Kuwait, Oman, UAE, and
Saudi Arabia [23e26].

Our study has identified known mutations in several genes
involved in conferring resistance to echinocandins and azoles.
Echinocandin resistance is often associated with FKS1 hotspot mu-
tations. Three C. auris isolates bearing S639F or S639Y showed
higher MIC values (�2 mg/L, up to 8 mg/L) to caspofungin, anidu-
lafungin, and micafungin compared with the susceptible isolates.
These mutations were also reported in other investigations [4,27];
S639F substitution in FKS1 was discovered in four pan-echino-
candineresistant samples out of 39 isolates sequenced in India [24].
In Kuwait, five out of 32 isolates that originated from eight patients
contained S639F in FKS1; two other isolates contained a D642Y or
S639P mutation [25]. In addition, all seven isolates with FKS1 mu-
tations were recovered from urine [25], and two of our FKS1 mu-
tants were also from urine, suggesting that urine samples may
develop resistance to echinocandins more easily [25]. In terms of
fluconazole resistance, substitutions in ERG11 (Y132F) and CDR1
(E709D) are common in South Asian clade 1 isolates [27e29]. These
mutationsmay cause cross-resistance to other azoles [30]. TAC1b is a
transcription factor controlling CDR1 expression in Candida species,
and mutations in TAC1b were associated with increased azole
resistance [28,31]. During the variant analysis, both known and
undocumented SNPs/indels were detected inTAC1b (B9J08_004820)
in Qatari isolates; amino acid substitution A640V was previously
reported in samples CAS17 and CAS20 [15] (Table 2). Substitutions
A583S, A640V, and S192N inTAC1b have been reported in previously
andida auris outbreak isolates in Qatar from patients with COVID-19
l drugs, Clinical Microbiology and Infection, https://doi.org/10.1016/



Table 2
List of common and unique variants reported in Candida auris in Qatar.

Gene GeneID Mutations/Substitution Substitution Variant Samples (combined current study
and Salah et al. 2021)

Common
CIS2 B9J08_003232 c.220A>G p.Lys74Glu K74E missense_variant all 122 isolates
ERG4 B9J08_002852 c.576G>T p.Met192Ile M192I missense_variant all 122 isolates
ERG5_1 B9J08_004161 c.870A>C p.Thr290Thr T290T synonymous_variant all 122 isolates
SNQ2 B9J08_001125 c.156A>T p.Lys52Asn K52N missense_variant all 122 isolates

c.4390G>A p.Glu1464Lys E1464K missense_variant all 122 isolates
STE6 B9J08_002389 c.2157G>T p.Lys719Asn K719N missense_variant all 122 isolates
Unique
CDR1 B9J08_000164 c.2110G>T p.Val704Leu V704L missense_variant CAS20 and CAS17

c.2127A>T p.Glu709Asp E709D missense_variant remaining 120 isolates
CDR1_1 B9J08_002451 c.3371T>C p.Leu1124Pro L1124P missense_variant CAS46, CAS73, CAS86, and CAS109
ERG11 B9J08_001448 c.428A>G p.Lys143Arg K143R missense_variant CAS20and CAS17

c.395A>T p.Tyr132Phe Y132F missense_variant remaining 120 isolates
ERG3 B9J08_003737 c.202G>T p.Glu68* E68* stop_gained CAS109
FKS1 B9J08_000964 c.1916C>A p.Ser639Tyr S639Y missense_variant CAS109

B9J08_000964 c.1916C>T p.Ser639Phe S639F missense_variant CAS129 and CAS112
FKS2 B9J08_001020 c.2414G>A p.Trp805* W805* stop_gained CAS1, CAS52, and CAS15
TAC1b B9J08_004820 c.1747G>T p.Ala583Ser A583S missense_variant CAS044, CAS3357, and CAS29

c.575G>A p.Ser192Asn S192N missense_variant CAS16
c.1919C>T p.Ala640Val A640V missense_variant CAS17 and CAS20
c.1834C>T p.Gln612* Q612* stop_gained CAS29
c.2521_2523delTTC p.Phe841del F841del inframe_deletion CAS12
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reported C. auris clade 1 strains [28,32]. However, the impact and
contribution of the indel (F841del) and stop codon (Q612*) on azole
resistance remain to be investigated (Supplementary Data). Most of
the C. auris isolates (79%, 22/28) also had reduced susceptibility to
amphotericin B; however, the molecular mechanism of resistance to
amphotericin B is not well understood. A recent report of a novel
mutation in the ERG6 was linked to amphotericin B resistance [32].
Some Candida species, such as C. parapsilosis and members of
C. lusitaniae and C. guilliermondii, may be more resistant to AMB
after azole exposure [33].

The abilities of Candida auris to acquire resistance to different
antifungal drugs have been demonstrated using comparative ge-
nomes, and in vitro, and in vivo approaches [29,32,34e36]. The
molecular mechanisms involve activation of efflux pumps due to
mutations in transcription factors or upregulation of one of
several genes involved in ergosterol synthesis [37,38]. Some of the
unique mutations reported in this study may be associated with
increased drug resistance, which could be due to microevolution
and selection during prolonged treatment. All the Qatari isolates
had substitutions in ERG4 (M192I) and a silent mutation in ERG5
(A870C) compared with the reference strain B8441. These muta-
tions were not been reported previously. ERG4 and ERG5 are
involved in fungal sterol biosynthesis. A nonsynonymous muta-
tion in ERG4 has been reported in C. lusitaniae isolates resistant to
amphotericin B [39], while decreased sensitivity to polyenes was
documented in clinical isolates of Candida albicans with alterna-
tion of ERG5 [40]. The substitution and mutation in ERG4 and ERG5
may be linked to reduced susceptibility to amphotericin B in
C. auris, although the impact of these mutations on structural
changes and gene expression is not investigated. Recently, a
substitution (A27T) in CIS2, encoding a g-glutamyltranspeptidase,
involved in detoxification of xenobiotics was linked to increased
echinocandin MIC values in experimentally evolved C. auris
strains [35]. CIS2 (K74E) was reported in all susceptible and
resistant isolates, suggesting this may represent a polymorphism
not connected with resistance and may not be under selective
pressure from antifungals. SNQ2, one of the ABC transporters, has
been shown to contribute to azole resistance in Candida glabrata
[41], and its expression raised azole resistance among Indian
C. auris strains [42].
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Isolate CAS109 was resistant to three classes of antifungal drugs
with a unique disruption/mutation in ERG3 (E68*) and CDR2
(L1124P). A mutation (L207I) in ERG3 encoding sterol D5,6-
desaturase in addition to ERG11, may be linked to decreased sus-
ceptibility to amphotericin B [38]. The role of CDR2, an ABC-
transporter-like CDR1, in azole resistance is less well character-
ized. There was no difference in CDR2 expression between triazole-
susceptible and -resistant C. auris strains [29], and no reduced
susceptibilities were observed in CAS73 and CAS83, which also
carried substitution L1124P in CDR2. The contribution of these
mutations to azole resistance in Qatari C. auris would require
further confirmation (e.g. Sanger sequencing) and functional
validation.

One of the limitations was that we were not able to perform
gene swapping experiments or sterol analyses to confirm the role of
these uniquemutations in drug resistance. Two isolates (CAS55 and
CAS116) had higher MICs toward caspofungin. This could be
attributed to the Eagle effect (paradoxical growth effect) for cas-
pofungin [43] or upregulation of genes related to the synthesis of
cell wall, ribosome, and cell cycle after exposure to caspofungin
[44]. Similarly, FKS2 is often linked to increased echinocandin
resistance in C. glabrata [45]. However, the premature stop codon
(W805*) reported in the three isolates did not appear to change the
susceptibility to caspofungin, when we repeated the AST tests on
two of the isolates (Table 1).

Candida auris represents a significant challenge to healthcare in
Qatar because of multidrug resistance and high transmission
fitness in a hospital environment. Based on AST data, most isolates
had amphotericin B MICs ranging from 1 to 4 mg/L and were not
susceptible to fluconazole (MIC �32 mg/L). As C. auris can be
considered intrinsically resistant to fluconazole, micafungin (echi-
nocandin) is recommended for the treatment of C. auris infections
according to CDC guidelines (https://www.cdc.gov/fungal/candida-
auris/c-auris-treatment.html). In our study, most isolates (75%, 21/
28) were sensitive to echinocandins with higher prevalence of
resistance than in the USA, where less than 5% of C. auris isolates
have been reported as resistant to echinocandins. Pan-
echinocandin resistance appears to be emerging, and this is
alarming for physicians and infection control teams [16]. Evolution
and emergence of resistance toward antifungals may lead to clinical
Candida auris outbreak isolates in Qatar from patients with COVID-19
l drugs, Clinical Microbiology and Infection, https://doi.org/10.1016/
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Fig. 1. Phylogenetic relationships of the 122 Candida auris isolates in Qatar. The tree was generated by FastTree and annotated in iTOL. Isolates sequenced in this study were
highlighted in yellow. Year, source of isolation, and hospital information were annotated. The major circulating clone was highlighted in red. ICU, intensive care unit.
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failure during therapy [36]. Ongoing surveillance, screening, AST
evaluation, and characterization of resistant genes and SNPs are
required to determine the optimal management strategy of C. auris
infection and transmission. Intensive disinfection efforts will be
required to stop cross-transmission between healthcare
institutions.

In conclusion, our study showed that all C. auris isolates from
patients with COVID-19 belonged to the major circulating clone
with low genetic variability and with ongoing transmission among
various healthcare facilities in Qatar. The SNP data demonstrated
the emergence of multidrug-resistant strains that carry novel
mutations associated with enhanced resistance to azoles, ampho-
tericin B, and echinocandins. Knowing the local epidemiology and
susceptibility profiles of C. auriswill help to guide infection control
and patient therapy using the optimal empiric antifungal agents
and allow better antimicrobial stewardship.

The raw sequencing reads are available from the National Center
for Biotechnology Information under the accession number
PRJNA693430.

Author contributions

Conceptualization: F.A. and C.T.; methodology: F.A., H.S., S.Sal-
ameh, and C.T.; investigation: F.A., H.S., S.Sundararaju, L.D., A.A., and
C.T.; resources: H.S., E.I., A.A., P.T., and S.Salameh; formal analysis:
F.A., H.S., S.Sundararaju, and C.T.; writingdoriginal draft: F.A., H.S.,
and C.T.; writingdreview and editing: all authors; supervision:
M.A., P.T., A.P.-L., and C.T.; funding acquisition: F.A., S.Salameh, P.T.,
A.P.-L., and C.T.

Transparency declaration

The authors have no conflict of interest to declare.
This study was funded by the Sidra Medicine Internal Research

Grant (SDR_200052 to A.P.-L. and K.M.T.) and supported by the
Medical Research Centre at Hamad Medical Corporation (MRC-
01019-420 to F.B.A.).

Acknowledgements

We thank Dr. Sanjay Doiphode and Dr. Khalil Al Ismail (Hamad
Medical Corporation, Qatar); KunWang, GuishuangWang, Lisa Sara
Mathew, Rhanty Nabor, andMohammed Suleiman (Sidra Medicine,
Qatar); and the technical staff and healthcare workers in various
tertiary hospitals for their dedicated work. We also acknowledge
Jianping Xu and Yue Wang (McMaster University, Canada), Will
Hsiao and Jun Duan (Simon Fraser University, Canada) for useful
discussion and technical support. This research was supported in
part through computational resources and services provided by
Advanced Research Computing at the University of British
Columbia. Part of the data was presented in 33rd European
Congress of Clinical Microbiology & Infectious Diseases in 2023.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.cmi.2023.04.025.

References

[1] Pappas PG, Lionakis MS, Arendrup MC, Ostrosky-Zeichner L, Kullberg BJ.
Invasive candidiasis. Nat Rev Dis Primers 2018;4:18026. https://doi.org/
10.1038/nrdp.2018.26.

[2] Clancy CJ, Nguyen MH. Finding the “missing 50%” of invasive candidiasis: how
nonculture diagnostics will improve understanding of disease spectrum and
Please cite this article as: Ben Abid F et al., Molecular characterization of
reveals the emergence of isolates resistant to three classes of antifunga
j.cmi.2023.04.025
transform patient care. Clin Infect Dis 2013;56:1284e92. https://doi.org/
10.1093/cid/cit006.

[3] Barrett TM, Tsui CKM. Emerging fungal pathogen: Candida auris. Evol Med
Public Health 2021;9:246e7. https://doi.org/10.1093/emph/eoab021.

[4] Chow NA, Mu~noz JF, Gade L, Berkow EL, Li X, Welsh RM, et al. Tracing the
evolutionary history and global expansion of Candida auris using population
genomic analyses. mBio 2020;11:e03364-19. https://doi.org/10.1128/
mBio.03364-19.

[5] Rhodes J. Rapid worldwide emergence of pathogenic fungi. Cell Host Microbe
2019;26:12e4. https://doi.org/10.1016/j.chom.2019.06.009.

[6] Chowdhary A, Sharma C, Meis JF. Candida auris: a rapidly emerging cause of
hospital-acquired multidrug-resistant fungal infections globally. PLOS Pathog
2017;13:e1006290. https://doi.org/10.1371/journal.ppat.1006290.

[7] Chow NA, de Groot T, Badali H, Abastabar M, Chiller TM, Meis JF. Potential fifth
clade of Candida auris, Iran. Emerg Infect Dis 2019;25:1780e1. https://doi.org/
10.3201/eid2509.190686.

[8] Altaf Z, Al Hasanat O, Castro J, Ummer U, Amr MSG, Visan FA, et al. KNOW
Candida auris: prevention of another outbreak through screening and early
identification. J Emerg Med Trauma Acute Care 2021;2021:30. https://doi.org/
10.5339/jemtac.2021.qhc.30.

[9] Al-Hatmi AMS, Mohsin J, Al-Huraizi A, Khamis F. COVID-19 associated invasive
candidiasis. J Infect 2021;82:e45e6. https://doi.org/10.1016/j.jinf.2020.08.005.

[10] Hoenigl M, Seidel D, Sprute R, Cunha C, Oliverio M, Goldman GH, et al. COVID-
19-associated fungal infections. Nat Microbiol 2022;7:1127e40. https://
doi.org/10.1038/s41564-022-01172-2.

[11] Rawson TM, Moore LSP, Zhu N, Ranganathan N, Skolimowska K, Gilchrist M,
et al. Bacterial and fungal coinfection in individuals with coronavirus: a rapid
review to support COVID-19 antimicrobial prescribing. Clin Infect Dis
2020;71:2459e68. https://doi.org/10.1093/cid/ciaa530.

[12] Tsai CS, Lee SS, Chen WC, Tseng CH, Lee NY, Chen PL, et al. COVID-19-
associated candidiasis and the emerging concern of Candida auris infections.
J Microbiol Immunol Infect 2022;S1684e1182:283e93. https://doi.org/
10.1016/j.jmii.2022.12.002.

[13] Omrani AS, Koleri J, Ben Abid F, Daghfel J, Odaippurath T, Peediyakkal MZ,
et al. Clinical characteristics and risk factors for COVID-19-associated candi-
demia. Med Mycol 2021;59:1262e6. https://doi.org/10.1093/mmy/myab056.

[14] Vaseghi N, Sharifisooraki J, Khodadadi H, Nami S, Safari F, Ahangarkani F, et al.
Global prevalence and subgroup analyses of coronavirus disease (COVID-19)
associated Candida auris infections (CACa): a systematic review and meta-
analysis. Mycoses 2022;65:683e703. https://doi.org/10.1111/myc.13471.

[15] Salah H, Sundararaju S, Dalil L, Salameh S, Al-Wali W, Tang P, et al. Genomic
epidemiology of Candida auris in Qatar reveals hospital transmission dy-
namics and a South Asian Origin. J Fungi (Basel) 2021;7:240. https://doi.org/
10.3390/jof7030240.

[16] Shaukat A, Al Ansari N, Al Wali W, Karic E, El Madhoun I, Mitwally H, et al.
Experience of treating Candida auris cases at a general hospital in the state of
Qatar. IDCases 2021;23:e01007. https://doi.org/10.1016/j.idcr.2020.e01007.

[17] Yadav A, Singh A, Wang Y, Haren MHV, Singh A, de Groot T, et al. Colonisation
and transmission dynamics of Candida auris among chronic respiratory dis-
eases patients hospitalised in a chest hospital, Delhi, India: a comparative
analysis of whole genome sequencing and microsatellite typing. J Fungi
(Basel) 2021;7:81. https://doi.org/10.3390/jof7020081.

[18] Di Pilato V, Codda G, Ball L, Giacobbe DR, Willison E, Mikulska M, et al. Mo-
lecular epidemiological investigation of a nosocomial cluster of C. auris: evi-
dence of recent emergence in Italy and ease of transmission during the
COVID-19 pandemic. J Fungi (Basel) 2021;7:140. https://doi.org/10.3390/
jof7020140.

[19] Chow NA, Gade L, Tsay SV, Forsberg K, Greenko JA, Southwick KL, et al.
Multiple introductions and subsequent transmission of multidrug-
resistant Candida auris in the USA: a molecular epidemiological survey. Lan-
cet Infect Dis 2018;18:1377e84. https://doi.org/10.1016/S1473-3099(18)
30597-8.

[20] Sharma C, Kumar N, Pandey R, Meis JF, Chowdhary A. Whole genome
sequencing of emerging multidrug resistant Candida auris isolates in India
demonstrates low genetic variation. New Microbe. New Infect 2016;13:
77e82. https://doi.org/10.1016/j.nmni.2016.07.003.

[21] Spruijtenburg B, Badali H, Abastabar M, Mirhendi H, Khodavaisy S,
Sharifisooraki J, et al. Confirmation of fifth Candida auris clade by whole
genome sequencing. Emerg Microbe. Infect 2022;11:2405e11. https://
doi.org/10.1080/22221751.2022.2125349.

[22] Abastabar M, Haghani I, Ahangarkani F, Rezai MS, Taghizadeh Armaki M,
Roodgari S, et al. Candida auris otomycosis in Iran and review of recent
literature. Mycoses 2019;62:101e5. https://doi.org/10.1111/myc.12886.

[23] Almaghrabi RS, Albalawi R, Mutabagani M, Atienza E, Aljumaah S, Gade L,
et al. Molecular characterisation and clinical outcomes of Candida auris
infection: single-centre experience in Saudi Arabia. Mycoses 2020;63:
452e60. https://doi.org/10.1111/myc.13065.

[24] Al Maani A, Paul H, Al-Rashdi A, Wahaibi AA, Al-Jardani A, Al Abri AMA, et al.
Ongoing challenges with healthcare-associated Candida auris outbreaks in
Oman. J Fungi (Basel) 2019;5:101. https://doi.org/10.3390/jof5040101.

[25] Asadzadeh M, Mokaddas E, Ahmad S, Abdullah AA, de Groot T, Meis JF, et al.
Molecular characterisation of Candida auris isolates from immunocompro-
mised patients in a tertiary-care hospital in Kuwait reveals a novel mutation
in FKS1 conferring reduced susceptibility to echinocandins. Mycoses 2022;65:
331e43. https://doi.org/10.1111/myc.13419.
Candida auris outbreak isolates in Qatar from patients with COVID-19
l drugs, Clinical Microbiology and Infection, https://doi.org/10.1016/

https://doi.org/10.1016/j.cmi.2023.04.025
https://doi.org/10.1038/nrdp.2018.26
https://doi.org/10.1038/nrdp.2018.26
https://doi.org/10.1093/cid/cit006
https://doi.org/10.1093/cid/cit006
https://doi.org/10.1093/emph/eoab021
https://doi.org/10.1128/mBio.03364-19
https://doi.org/10.1128/mBio.03364-19
https://doi.org/10.1016/j.chom.2019.06.009
https://doi.org/10.1371/journal.ppat.1006290
https://doi.org/10.3201/eid2509.190686
https://doi.org/10.3201/eid2509.190686
https://doi.org/10.5339/jemtac.2021.qhc.30
https://doi.org/10.5339/jemtac.2021.qhc.30
https://doi.org/10.1016/j.jinf.2020.08.005
https://doi.org/10.1038/s41564-022-01172-2
https://doi.org/10.1038/s41564-022-01172-2
https://doi.org/10.1093/cid/ciaa530
https://doi.org/10.1016/j.jmii.2022.12.002
https://doi.org/10.1016/j.jmii.2022.12.002
https://doi.org/10.1093/mmy/myab056
https://doi.org/10.1111/myc.13471
https://doi.org/10.3390/jof7030240
https://doi.org/10.3390/jof7030240
https://doi.org/10.1016/j.idcr.2020.e01007
https://doi.org/10.3390/jof7020081
https://doi.org/10.3390/jof7020140
https://doi.org/10.3390/jof7020140
https://doi.org/10.1016/S1473-3099(18)30597-8
https://doi.org/10.1016/S1473-3099(18)30597-8
https://doi.org/10.1016/j.nmni.2016.07.003
https://doi.org/10.1080/22221751.2022.2125349
https://doi.org/10.1080/22221751.2022.2125349
https://doi.org/10.1111/myc.12886
https://doi.org/10.1111/myc.13065
https://doi.org/10.3390/jof5040101
https://doi.org/10.1111/myc.13419


F. Ben Abid et al. / Clinical Microbiology and Infection xxx (xxxx) xxx 7
[26] Alfouzan W, Ahmad S, Dhar R, Asadzadeh M, Almerdasi N, Abdo NM, et al.
Molecular epidemiology of Candida auris outbreak in a major secondary-care
hospital in Kuwait. J Fungi (Basel) 2020;6:307. https://doi.org/10.3390/
jof6040307.

[27] Chowdhary A, Prakash A, Sharma C, Kordalewska M, Kumar A, Sarma S, et al.
A multicentre study of antifungal susceptibility patterns among 350 Candida
auris isolates (2009e17) in India: role of the ERG11 and FKS1 genes in azole
and echinocandin resistance. J Antimicrob Chemother 2018;73:891e9.
https://doi.org/10.1093/jac/dkx480.

[28] Rybak JM, Mu~noz JF, Barker KS, Parker JE, Esquivel BD, Berkow EL, et al.
Mutations in TAC1B: a novel genetic determinant of clinical fluconazole
resistance in Candida auris. mBio 2020;11:e00365-20. https://doi.org/
10.1128/mBio.00365-20.

[29] Rybak JM, Doorley LA, Nishimoto AT, Barker KS, Palmer GE, Rogers PD.
Abrogation of triazole resistance upon deletion of CDR1 in a clinical isolate of
Candida auris. Antimicrob Agents Chemother 2019;63:e00057-19. https://
doi.org/10.1128/AAC.00057-19.

[30] Jacobs SE, Jacobs JL, Dennis EK, Taimur S, Rana M, Patel D, et al. Candida auris
pan-drug-resistant to four classes of antifungal agents. Antimicrob Agents
Chemother 2022;66:e0005322. https://doi.org/10.1128/aac.00053-22.

[31] Li J, Coste AT, Liechti M, Bachmann D, Sanglard D, Lamoth F. Novel ERG11 and
TAC1b mutations associated with azole resistance in Candida auris. Anti-
microb Agents Chemother 2023;65:e02663-20. https://doi.org/10.1128/
AAC.02663-20.

[32] Rybak JM, Barker KS, Mu~noz JF, Parker JE, Ahmad S, Mokaddas E, et al. In vivo
emergence of high-level resistance during treatment reveals the first identi-
fied mechanism of amphotericin B resistance in Candida auris. Clin Microbiol
Infect 2022;28:838e43. https://doi.org/10.1016/j.cmi.2021.11.024.

[33] Vazquez JA, Arganoza MT, Boikov D, Yoon S, Sobel JD, Akins RA. Stable
phenotypic resistance of Candida species to amphotericin B conferred by
preexposure to subinhibitory levels of azoles. J Clin Microbiol 1998;36:
2690e5. https://doi.org/10.1128/JCM.36.9.2690-2695.1998.

[34] Jenull S, Shivarathri R, Tsymala I, Penninger P, Trinh PC, Nogueira F, et al.
Transcriptomics and phenotyping define genetic signatures associated with
echinocandin resistance in Candida auris. mBio 2022;13:e0079922. https://
doi.org/10.1128/mbio.00799-22.

[35] Li J, Coste AT, Bachmann D, Sanglard D, Lamoth F. Deciphering the Mrr1/Mdr1
pathway in azole resistance of Candida auris. Antimicrob Agents Chemother
2022;66:e0006722. https://doi.org/10.1128/aac.00067-22.

[36] Burrack LS, Todd RT, Soisangwan N, Wiederhold NP, Selmecki A. Genomic
diversity across Candida auris clinical isolates shapes rapid development of
Please cite this article as: Ben Abid F et al., Molecular characterization of C
reveals the emergence of isolates resistant to three classes of antifunga
j.cmi.2023.04.025
antifungal resistance in vitro and in vivo. mBio 2022;13:e0084222. https://
doi.org/10.1128/mbio.00842-22.

[37] Mu~noz JF, Gade L, Chow NA, Loparev VN, Juieng P, Berkow EL, et al. Genomic
insights into multidrug-resistance, mating and virulence in Candida auris and
related emerging species. Nat Commun 2018;9:5346. https://doi.org/10.1038/
s41467-018-07779-6.

[38] Carolus H, Pierson S, Mu~noz JF, Suboti�c A, Cruz RB, Cuomo CA, et al. Genome-
wide analysis of experimentally evolved Candida auris reveals multiple novel
mechanisms of multidrug resistance. mBio 2021;12:e03333-20. https://
doi.org/10.1128/mBio.03333-20.

[39] Kannan A, Asner SA, Trachsel E, Kelly S, Parker J, Sanglard D. Comparative
genomics for the elucidation of multidrug resistance in Candida lusitaniae.
mBio 2019;10:e02512-e02519. https://doi.org/10.1128/mBio.02512-19.

[40] Martel CM, Parker JE, Bader O, Weig M, Gross U, Warrilow AG, et al. A clinical
isolate of Candida albicans with mutations in ERG11 (encoding sterol 14alpha-
demethylase) and ERG5 (encoding C22 desaturase) is cross resistant to azoles
and amphotericin B. Antimicrob Agents Chemother 2010;54:3578e83.
https://doi.org/10.1128/AAC.00303-10.

[41] Whaley SG, Zhang Q, Caudle KE, Rogers PD. Relative contribution of the ABC
transporters Cdr1, Pdh1, and Snq2 to azole resistance in Candida glabrata.
Antimicrob Agents Chemother 2018;62:e01070-18. https://doi.org/10.1128/
AAC.01070-18.

[42] Wasi M, Khandelwal NK, Moorhouse AJ, Nair R, Vishwakarma P, Bravo Ruiz G,
et al. ABC transporter genes show upregulated expression in drug-resistant
clinical isolates of Candida auris: a genome-wide characterization of ATP-
binding cassette (ABC) transporter genes. Front Microbiol 2019;10:1445.
https://doi.org/10.3389/fmicb.2019.01445.

[43] Kordalewska M, Lee A, Park S, Berrio I, Chowdhary A, Zhao Y, et al. Under-
standing echinocandin resistance in the emerging pathogen Candida auris.
Antimicrob Agents Chemother 2018;62:e00238-18. https://doi.org/10.1128/
AAC.00238-18.

[44] Zamith-Miranda D, Amatuzzi RF, Munhoz da Rocha IF, Martins ST,
Lucena ACR, Vieira AZ, et al. Transcriptional and translational landscape of
Candida auris in response to caspofungin. Comput Struct Biotechnol J 2021;19:
5264e77. https://doi.org/10.1016/j.csbj.2021.09.007.

[45] Khalifa HO, Arai T, Majima H, Watanabe A, Kamei K. Genetic basis of azole
and echinocandin resistance in clinical Candida glabrata in Japan. Anti-
microb Agents Chemother 2020;64:e00783-20. https://doi.org/10.1128/
AAC.00783-20.
andida auris outbreak isolates in Qatar from patients with COVID-19
l drugs, Clinical Microbiology and Infection, https://doi.org/10.1016/

https://doi.org/10.3390/jof6040307
https://doi.org/10.3390/jof6040307
https://doi.org/10.1093/jac/dkx480
https://doi.org/10.1128/mBio.00365-20
https://doi.org/10.1128/mBio.00365-20
https://doi.org/10.1128/AAC.00057-19
https://doi.org/10.1128/AAC.00057-19
https://doi.org/10.1128/aac.00053-22
https://doi.org/10.1128/AAC.02663-20
https://doi.org/10.1128/AAC.02663-20
https://doi.org/10.1016/j.cmi.2021.11.024
https://doi.org/10.1128/JCM.36.9.2690-2695.1998
https://doi.org/10.1128/mbio.00799-22
https://doi.org/10.1128/mbio.00799-22
https://doi.org/10.1128/aac.00067-22
https://doi.org/10.1128/mbio.00842-22
https://doi.org/10.1128/mbio.00842-22
https://doi.org/10.1038/s41467-018-07779-6
https://doi.org/10.1038/s41467-018-07779-6
https://doi.org/10.1128/mBio.03333-20
https://doi.org/10.1128/mBio.03333-20
https://doi.org/10.1128/mBio.02512-19
https://doi.org/10.1128/AAC.00303-10
https://doi.org/10.1128/AAC.01070-18
https://doi.org/10.1128/AAC.01070-18
https://doi.org/10.3389/fmicb.2019.01445
https://doi.org/10.1128/AAC.00238-18
https://doi.org/10.1128/AAC.00238-18
https://doi.org/10.1016/j.csbj.2021.09.007
https://doi.org/10.1128/AAC.00783-20
https://doi.org/10.1128/AAC.00783-20

	Molecular characterization of Candida auris outbreak isolates in Qatar from patients with COVID-19 reveals the emergence of ...
	Introduction
	Methods
	Results
	Discussion
	Author contributions
	Transparency declaration
	Acknowledgements
	Appendix A. Supplementary data
	References


